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DEPTH PROFILE OF BACTERIAL METABOLISM AND PAH BIODEGRADATION 
 IN BIOTURBATED AND UNBIOTURBATED MARINE SEDIMENTS 

 
 

INTRODUCTION 
 
Both polycyclic aromatic hydrocarbons (PAHs) and PAH-degrading bacteria are relatively ubiquitous 

in estuarine sediments and are commonly found in areas that do not have substantial known sources 
(Chung and King 2001).  Rapid PAH metabolism generally depends on the availability of molecular 
oxygen to the sedimentary bacteria (Cerniglia 1992, Chung and King 1999, Leahy and Olsen 1997), 
though recently, PAH mineralization has been coupled with sulfate reduction (Coates et al. 1998, Hayes 
and Lovely 2002, Zhang and Young 1997, Bedessem et al. 1997) and nitrification (Deni and Penninckx 
1999, Bonin et al. 1994, Gilewicz et al. 1991).  In unperturbed submerged sediment, heterotrophic 
bacterial metabolism rapidly depletes oxygen, limiting its availability to the top several millimeters 
(Rasmussen and Jorgensen 1992). 

 
Processes that physically mix the surface sediment with oxygenated bottom waters can increase the 

amount of oxygen available to bacteria that are deeper in the sediment.  One of these processes involves 
the activities of benthic macrofauna that excavate and mix large portions of the surface sediment and then 
increase oxygen transfer by ventilating their burrows (Aller 1988).  This bioturbation of the sediment has 
been linked to dramatic changes in both the composition and the metabolic activity of the associated 
bacterial assemblage (Hall 1994, Soltwedel and Vopel 2001).  Macrofaunal burrows have been shown to 
harbor unique assemblages of PAH-degrading bacteria that mineralize PAHs more rapidly than those 
from adjacent nonburrow sediment (Chung and King 1999, 2001, Madsen et al. 1997, Schaffner et al. 
1997, Bauer et al. 1988).  In a microcosm experiment, Madsen et al. (1997) found that the depth-
integrated removal of fluoranthene was twice as high when capitellid worms were present.  Bauer et al. 
(1988) had similar findings with regards to capitellids but involving anthracene degradation by bacteria in 
sediments.  The activity of diverse macrofaunal communities has also been linked to long-term seasonal 
removal of PAHs and polychlorinated biphenyls (PCBs) using sediment microcosms (Schaffner et al. 
1997). 

 
These findings have led several researchers to postulate that the relative composition and abundance 

of benthic macroorganism communities can influence the rate of PAH degradation by natural bacterial 
assemblages in marine sediment (Madsen et al. 1997).  Chung and King (2001) concluded that the 
capacity for PAH biodegradation in hydrocarbon-impacted ecosystems depends on the qualities of the 
naturally occurring bacteria and their responses to environmental parameters rather than on the 
introduction of new taxa (bioaugmentation) or selective modification of existing ones.  The activities of 
the benthic meio- and macrofauna may create an environment that preferentially selects for PAH-
degrading bacteria and may increase the transition zones within the sediment that are important to 
enhancing depth integrated bacterial metabolism. 

 
 We measured rates of heterotrophic bacterial production (leucine incorporation method) and 

mineralization of naphthalene, phenanthrene, and fluoranthene (14C-radiotracer additions) in sections of 
sediment cores sampled from two stations in an urbanized waterway feeding San Diego Bay.  These 
stations were initially selected as distinct from each other in bioturbation depth, as determined by 



2 Montgomery and Osburn 

REMOTS camera analyses (Apitz et al. 2002).  The differences were also characterized by pore water 
analyses of nutrients and electron acceptors and microprobe measurements on replicate cores and 
published separately (Montgomery et al. 2002a). 

 
MATERIAL AND METHODS 
 
PAH Mineralization 

 
PAH mineralization assays were initiated within three hours of sediment sample collection using a 

modification of Boyd et al. (1996) and Pohlman et al. (2002).  As radiotracers, we used three sentinel 
PAHs: UL-14C-naphthalene (18.6 mCi mmol-1), 3-14C-fluoranthene (45 mCi mmol-1), and 9-14C-
phenanthrene (55 mCi mmol-1) that were purchased from Sigma Chemical.  They were added in separate 
incubations to surface sediment samples (1 mL wet volume) in 100 × 16 mm test tubes to a final 
concentration of about 0.2 µg g-1 (depending on specific activity).  Isotope dilution was calculated from 
the ambient test PAH concentration and was kept under 10%.  This step ensured that the system was not 
overwhelmed with excess PAH.  Samples were incubated no longer than 24 h at in situ temperature and 
evolved 14CO2 was captured on NaOH-soaked filter papers.  H2SO4 was added to end incubations and to 
partition any remaining CO2 into the headspace of the tube and to the filter paper trap.  The filter paper 
traps containing metabolized 14CO2 were removed, radioassayed, and subsequently used to calculate 
substrate mineralization. 

 
Heterotrophic Bacterial Production 

 
The leucine incorporation method (Kirchman et al. 1985, Kirchman 1993, Smith and Azam 1992) 

was used to measure bacterial production as adapted by Montgomery et al. (1999).  A 0.50 µL aliquot of 
wet surface sediment from each station was added to 2 mL centrifuge tubes (three experimental and one 
control) which were precharged with [3H-4,5]-L-leucine (154 mCi mmol-1).  The sediment was extracted 
from the benthic grab sample and added to the 2 mL tube using a 1 mL plastic syringe with the end cut 
off.  One mL of 0.45 µm nom. pore dia. (Acrodisk, Gelman) filtered bottom water (collected <1 m above 
bottom) was then added to each tube to form a sediment slurry.  Samples were incubated for 1 to 2 h at in 
situ temperatures and subsequently processed by the method of Smith and Azam (1992).  A constant 
isotope dilution factor of 2 was used for all samples.  This was estimated from actual measurements of 
sediment dissolved free amino acids (Burdige and Martens 1990) and saturation experiment estimates 
(Tuominen 1995).  One mL syringed samples of wet sediment were dried at 50 oC and used to covert 
production values to dry weight.  Leucine incorporation rate was converted to bacterial carbon using 
factors determined by Simon and Azam (1989). 

 
Sampling 

 
Replicate gravity cores housed on a multicorer were sampled from two stations in Paleta Creek that 

feeds the San Diego Bay.  Station P17 was sampled on January 16, 2002, and Station P04 was sampled on 
January 22, 2002.  The multicorer was deployed off the research vessel R/V Ecos and transferred to the 
laboratory at ambient temperature within 3 h.  Two cores from Station P17 were sectioned and assayed 
for bacterial production and PAH mineralization while a third replicate core was sectioned for PAH 
concentration.  One core from Station P04 was sectioned and assayed for bacterial production and PAH 
mineralization while a second replicate core was sectioned for PAH concentration.  Slurries for biological 
assays were made from filtered water overlying the respective cores. 

 
PAH Concentration 

 
Ambient PAH concentrations of 18 semivolatile priority pollutants were determined.  First, 10 to 15 g 

of sediment was dried with diatomaceous earth and then extracted in methanol using accelerated solvent 
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extraction.  The extracts were concentrated under an N2 stream (Speedvap) and analyzed by gas 
chromatography/ mass spectrometry (GC/MS) (Fisher et al. 1997).  p-Terphenyl-d14 and 2-fluorobiphenyl 
were used as surrogate standards, following the method described in Pohlman et al. (2002). 

 
Lignin Concentration 

 
Lignin concentration in sediment samples was measured using an alkaline hydrolysis oxidation 

method to liberate lignin-derived methoxyphenols (LPs) derived from the parent lignin compound (Table 
1).  The LPs were subsequently derivatized with 1% BSTFA to silyate exchangeable hydrogen and then 
analyzed by GC/MS (Goni and Montgomery 2000).  We used a J&W Scientific DB-1 column (60 m × 
0.32 mm i.d., 0.2 µm film thicknesses) with the following analytical program: 100 °C initial temperature, 
4 °C/min temperature ramp, 320 °C final temperature, and final hold of 10 minutes.  A splitless, on-
column injector with a flow rate of 1.3 mL/min mode was used for the GC.  MS spectra of eluted peaks 
were interpreted using an internal laboratory library we created based on the retention times and m/z 
values for known standard LPs we purchased from Sigma-Aldrich. 

 
 

Table 1 Lignin-Derived Phenols Obtained from Cuo-Alkaline Oxidation Used to Identify Source 
and Reactivity of Terriginous Organic Matter in this Study 

 
Phenolic Group Phenol suite (code) Remarks 

Vanillyl vanillin (Vl), acetovanillone 
(Vn), vanillic acid (Vd) 

Synthesized only in vascular 
plants 

Ringyl syringealdehyde (Sl), 
acetosyringone (Sn), syringic 

acid (Sd) 

Synthesized only in angiosperms 

Cinnamyl p-coumaric acid (pCd), 
ferulic acid (Fd) 

Synthesized only in non-woody 
tissues (leaves, needles) 

  
 

RESULTS 
 
Sediment from Paleta Creek in San Diego Bay is impacted from a variety of historical and modern 

inputs.  Two stations within the creek (P17 and P04) were initially found to have different characteristics 
in terms of bioturbation depth (Apitz et al. 2002).  From both the less bioturbated Station P04 and the 
more bioturbated Station P17, four replicate cores were taken using a multicore sampling device.  Two 
cores were sectioned (2-3 cm each) and sampled for PAH and lignin concentration, bacterial production, 
and mineralization of PAH (e.g. naphthalene, phenanthrene, and fluoranthene).  In a related study, 
electron acceptors of two replicate cores were measured by microprobe and then sectioned for 
measurement of nutrient concentrations in the pore waters (Montgomery et al. 2002a).  Based on initial 
REMOTS camera analyses (Apitz et al. 2002), Station P17 was bioturbated to a depth of 2 to 3 cm and 
Station P04 was bioturbated to a depth of 12 to 14 cm. 

 
In general, PAH concentration was low compared to many submerged sediments in anthropogenically 

influenced waterways surveyed by our group (Pohlman et al. 2002, Montgomery et al. 1999, 2002b, Boyd 
et al. 1999).  The highest total PAH concentration was only 3.18 ppm and was found at 8 to 10 cm depth 
in the core at P17 (Fig. 1).  In P04, the highest PAH concentration was found 14 to 17 cm below the 
surface and was likely the only section below the bioturbation zone though there was reportedly high 
variability in bioturbation zones even within station replicates, based on REMOTS (Apitz et al. 2002) and 
microprobe analyses (Montgomery et al. 2002a).  The PAH concentrations for all sections were higher in 
cores from the less bioturbated station, P17, than from P04. 
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Fig. 1  Total PAH concentration (ppm) with depth 
(cm) below the surface water column for cores, P17 
and P04 

 
 

Lignin concentration (Λ8), the sum of the eight lignin-derived phenols, was prevalent in each core, 
though our recovery in P17 was poor.  In the more bioturbated P04 core, we observed a 60 % decrease in 
Λ8 (125 to 52 ppm) from the 0-to-2- to the 2-to-4-cm sections down through the 4-to-6-cm section (Fig. 
2).  The concentration then increased to approximately 125 ppm downcore from the 6-to-8-cm section.  In 
core P17, lignin concentration was similar at the 0-to-2-cm section and the 4-to-6-cm section (ca. 100 
ppm) but decreased to 54 ppm in the 8-to-10-cm section.  The error of our lignin measurements was 10%. 

 
Figure 3 shows the lignin phenol indicators of organic matter (OM) source.  The ratio of total syringyl 

to vanillyl phenols (S/V), when greater than 0.6, indicates angiosperm as a plant source.  This ratio was 
less than 0.6 in all samples except for the 4-to-6-cm section at P17, which was 0.71.  The ratio of 
cinnamyl to vanillyl phenols (C/V) can indicate the presence of different types of plant tissue because 
cinnamyl phenols are only synthesized in nonwoody tissue such as leaves, needles, and grasses; therefore, 
C/V ratios greater than 0.1 indicate nonwoody tissue. At P17, C/V was slightly greater than 0.1 at 0 to 2 
cm (0.11) and at 2 to 4 cm (0.14).  All other samples at P17 and P04 had C/V ratios less than 0.1.  Finally, 
the presence of 3,5-dihydroxybenzaldehyde (DHBd), used as a tracer for soil degradation of organic 
carbon (OC), was low (0.04 to 0.07 mg 100 mg OC-1) at both P17 and P04, though a large value of 0.76 
mg 100 mg OC-1 was measured at 4 to 6 cm at P17. 

 
The degree to which lignin is degraded in the sediment has been measured using a degradation index 

(Fig. 4).  The ratio of acid to aldehyde for the vanillin family of lignin phenols ([Ad/Al]v) reflects 
oxidative degradation of aldehyde moieties to acidic moieties in organic matter.  Increases in this ratio 
suggest an increased degradative state.  [Ad/Al]v ratios did increase at P04, mirroring the decrease in 
lignin concentration seen at the same depths (2 to 6 cm).  However, at P17, [Ad/Al]v decreased in the 4-
to-6-cm section from 0.44 to 0.30, though given our 10% error in lignin phenol measurements, this 
decrease is not statistically significant.  The ratio of 3,5-dihydroxybenzoic acid to vanillin (DHBd/V) is 
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indicative of the relative abundance of sedimentary OM to lignin (Fig. 4).  At P17, this ratio was the 
highest (0.64), more than 10 times the ratios calculated at other depths at P17 and at P04.  It is possible 
that this spurious value might indicate a depositional event. 

 
 
 
 
 

 Fig. 4  Ratios of DHBd/V and [Ad/Al]v for lignin 
compounds with depth (cm) below the surface water column
for cores, P17 and P04 
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Fig. 3  S/V and C/V ratios for lignin compounds and 
DHBd concentration (mg 100 mg organic carbon-1) 
with depth (cm) below the surface water column for 
cores, P17 and P04 

Fig. 2  Lignin concentration (ppm) with depth
(cm) below the surface water column for cores, P17
and P04 
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Heterotrophic bacteria production, using the leucine incorporation assay, was measured on replicate 
cores from Station P17 (-1B and -2B; Fig. 5) and on one core from Station P04 (-3; Fig. 5).  Bacterial 
production ranged from 11.9 to 297 µg C g-1 d-1 along the depth profile at P04 and from 6.00 to 198 µg C 
g-1 d-1 at P17 and generally decreased with depth at both stations.  Production was higher in the two 
uppermost (0 to 2 and 2 to 4 cm below surface) sections at Station P04 than in the cores from Station P17 
but was similar below 4 cm. 
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Fig. 5  Bacterial production (µg C kg-1 d-1) with depth 
(cm) below the surface water column for cores, P04 and 
replicate cores of P17, -1B and -2B 

 
 
Bacterial metabolism of PAHs to carbon dioxide was measured using radiotracer additions of 14C-

naphthelene, -phenanthrene, and –fluoranthene to sediment slurries mixed with filtered bottom water from 
the respective station.  Naphthalene mineralization ranged from below the detection level of 1 × 10-3 µg 
kg-1 d-1 up to 1.06 (± 0.16) µg kg-1 d-1 in all three cores but most values were not differentiable from 
background.  Only two sections were above the detection limit from both the P04-3 core (2 to 4 and 11 to 
14 cm; Fig. 6) and the P17-1B core (0 to 2 cm, 1.06 (± 0.16) µg kg-1 d-1; 2 to 4 cm, 0.27 (± 0.04) µg kg-1 
d-1).  Five of the seven sections from the P17-2A core had naphthalene mineralization rates above the 
detection limit though only three sections appeared to be different (Fig. 6). 

 
Phenanthrene mineralization rates were similar between the P17 cores and were slightly higher in the 

0-to-2-cm section (Fig. 7).  Rates in the upper two sections (0 to 4 cm) from the P04 core were highest 
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overall (0 to 2 cm, 3.2 ± 0.44 µg kg-1 d-1) with each section higher in P04-3 than in the core from P17-1B 
(Fig. 8). 
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Fig. 6  Naphthalene mineralization rate (µg C kg-1 
d-1) with depth (cm) below the surface water column 
for cores, P17-2A and P04-3 

Fig. 7 Phenanthrene mineralization rate (µg C kg-1

d-1) with depth (cm) below the surface water column 
for replicate cores, P17-1B and P17-2A 

Fig. 8  Phenanthrene mineralization rate (µg C kg-1

d-1) with depth (cm) below the surface water column
for cores, P17-1B and P04-3 
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The average phenanthrene mineralization rate for all sections was about fivefold higher in P04-3 core 
compared with the P17-1B core (2.1 vs 0.43 µg kg-1 d-1).  Likewise for fluoranthene mineralization, rates 
were similar between replicate cores for Station P17 (Fig. 9) but were higher in the P04-3 core than in 
P17-1B (Fig. 10).  Fluoranthene mineralization rates ranged from 0.79 (± 0.49) to 18 (± 17) µg kg-1 d-1 
compared with 0 to 1.1 (± 0.54) µg kg-1 d-1 at P17.  

 

 
The turnover rate for phenanthrene and fluoranthene was calculated by dividing the mineralization 

rate by the ambient concentration of the individual PAH.  This value is expressed as the average number 
of days a PAH molecule would be in the ambient PAH pool assuming the rate of mineralization and PAH 
flux into the sediment remained constant.  Phenanthrene turnover times ranged from 76 to 213 days in the 
P17-2A core and 39 to 322 in the replicate P17-1B core (Fig. 11) with the average being similar, 130 days 
for P17-2A and 174 days for P17-1B.  The phenanthrene turnover times were about an order of magnitude 
more rapid in the P04 core, ranging from 8 to 20 days and averaging 13 days (Fig. 12).  Fluoranthene 
turnover times ranged from 193 to 1632 days in the P17-2A core and 236 to 1598 in the replicate P17-1B 
core (Fig. 13) with the average being very similar, 629 days for P17-2A and 638 days for P17-1B.  The 
fluoranthene turnover times were also an order of magnitude more rapid in the P04 core, ranging from 5 
to 91 days and averaging 43 days (Fig. 14).  Turnover times could not be calculated for samples where the 
mineralization rate was below the detection limit.  Likewise, turnover times could not be calculated for 
lignin because of the lack of a suitable radiotracer.  However, the ratio of bacterial production to lignin 
concentration was calculated (Fig. 15). 

 

Fig. 9  Fluoranthene mineralization rate (µg C kg-1

d-1) with depth (cm) below the surface water column
for replicate cores, P17-1B and P17-2A 

Fig. 10  Fluoranthene mineralization rate (µg C kg-1

d-1) with depth (cm) below the surface water column 
for cores, P17-1B and P04-3 
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Fig. 11   Phenanthrene turnover time (days)
with depth (cm) below the surface water column
for replicate cores, P17-1B and P17-2A 

Fig. 12   Phenanthrene turnover time (days) 
with depth (cm) below the surface water 
column for cores, P17 and P04 
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Fig. 13   Fluoranthene turnover time (days)
with depth (cm) below the surface water column
for replicate cores, P17-1B and P17-2A 

Fig. 14  Fluoranthene turnover time (days)
with depth (cm) below the surface water
column for cores, P17 and P04 
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Sedimentation rate (Apitz et al. 2002) for individual PAHs onto a cm2 of surface sediment was 

compared with the mineralization rates for those same PAHs but normalized for the volume of a typical 
assay (mL = cm3) (Table 2).  The bioturbation depth needed for a cm2 sediment column to mineralize the 
amount of PAH depositing onto the cm2 column is calculated by dividing the sedimentation rate with the 
mineralization rate for each station (Table 2).  With a bioturbation depth of 12 to 15 cm at station P04, but 
only a 0.63 cm depth needed to biodegrade the amount of fluoranthene depositing on the site, it suggests 
that there is about 21 µg cm-2 yr-1 of extra capacity to metabolize fluoranthene (11.5 cm × 1857 ng PAH 
cm-3 yr-1).  Conversely, with a bioturbation depth of 2 cm at station P17, but a 12.2 cm depth needed to 
metabolize the fluoranthene depositing, then there is a deficit capacity of about -1.7 µg cm-2 yr-1 at this 
less bioturbated station (-10.2 cm × 162 ng PAH cm-3 yr-1). 

 
 

Table 2   Sedimentation Rate (Apitz et al. 2002) for Individual PAHs Compared with the 
Mineralization Rates for those Same PAHs and the Bioturbation Depth Needed to Mineralize the Amount 
of PAH Depositing onto the Cm2 Column at Each Site 

 
 

Sedimentation 
(ng PAH cm-2 y-1) 

Mineralization 
(ng PAH cm-3 yr-1) 

Bioturbation Depth 
Needed (cm) PAH 

P04 P17 P04 P17 P04 P17 
Naphthalene 27 17 966 190 0.03 0.09 
Phenanthrene 626 1139 1169 472 0.54 2.41 
Fluoranthene 1171 1972 1857 162 0.63 12.2 

Fig. 15   Ratio of bacterial production to lignin
concentration with depth (cm) below the surface
water column for cores, P17 and P04 
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DISCUSSION 
 
The presence of active macrofauna and meiofauna can affect the factors known to enhance bacterial 

PAH biodegradation through numerous mechanisms.  Some organisms create burrows and then circulate 
water through the cavity, which increases the amount of oxygen available for microbial processes as well 
as the depth of penetration of overlying waters (Madsen et al. 1998).  This increased flux of both oxygen 
and carbon dioxide is a function of the macroorganism abundance (Pelegri and Blackburn 1994).  By 
increasing the surface area in the sediment available to direct contact with the water column, it also 
increases nutrient transfer and removes accumulated metabolic waste products that limit bacterial 
metabolism (review by Madsen 1998).  The activities of deposit feeders stimulate bacteria metabolism 
directly by grazing and remineralizing nutrients, or indirectly, by causing changes in aggregate surface 
area (Holmer et al. 1997).   

 
Macrofauna can also remove PAHs from sediment through direct metabolism (Holmer et al. 1997, 

Forbes et al. 1996) or by ingesting PAHs at depth and defecating into the overlying water column 
(Koerting-Walker and Buck 1989), though ingestion has been shown to reduce macrofaunal growth and 
fecundity (Foss and Forbes 1997).  Irrigation of benthic sediments can preferentially remove low 
molecular weight alkanes and PAHs (Koerting-Walker and Buck 1989) that are known to inhibit bacterial 
metabolism of higher molecular weight PAHs (Lantz et al. 1997).  It is possible that the apparent 
relationship between benthic microorganisms and PAH-degrading bacteria may not be spurious.  The 
presence of high concentration of oil and the resulting hypoxia (Peterson 1991) are known to be toxic to 
benthic copepods and other organisms (Carman et al. 2000a,b, Bennett et al. 1999, Carman et al. 1997, 
Carman and Todaro 1996).  By increasing the rate of PAH degradation and reducing accumulation in the 
sediment, sensitive benthic organisms may actually increase their own growth (Carman et al. 1996). 

 
We found that PAH mineralization was elevated in the bioturbated zones from both stations relative 

to core subsections from below the bioturbated zone.  This is consistent with the hypothesis that the 
activities of benthic infauna stimulate bacterial metabolism of PAHs.  Though PAH mineralization rates 
were low relative to those found in sediments from other estuarine systems (Montgomery et al. 2002b, 
Pohlman et al. 2002, Boyd et al. 1999), turnover times in the sediment for phenanthrene and fluoranthene 
were relatively rapid (39 to 322 d) and similar to those reported by other researchers for three-ring PAHs 
(16 to 126 d; Shuttleworth and Cerniglia 1995).  The low ambient PAH concentrations (1 to 3 ppm) found 
in all sections from both cores may be too low to select for a bacterial assemblage that will rapidly 
metabolize PAH.  Although low PAH degradation rates are often attributed to low bioavailability (see 
review by Reid et al. 2000), recent evidence reported by Schwartz and Scow (2001) demonstrates that it 
may actually be the lack of enzyme induction amongst the PAH-degrading members of the bacterial 
assemblage that is responsible for low mineralization rates below a threshold PAH concentration.  Other 
researchers have reported this phenomenon for aromatic organics (Zaidi et al. 1988, Roch and Alexander 
1997) and, in fact, it is more generally applicable to bacterial carbon metabolism (Button 1985). 

 
Schwartz and Scow (2001) found that PAH-degrading bacteria mineralized phenanthrene more 

rapidly above 2.5 ppm (8.8 × 101 µg kg-1 d-1) than at a lower ambient concentration of 0.05 ppm (9.5 ×  
10-2 µg kg-1 d-1).  Though these values were obtained in a flask studies, they compare very favorably with 
the rates measured in this study with phenanthrene concentrations of 0.02 to 0.06 ppm, which ranged 
from 1.6 × 10-1 to 3.5 × 100 µg kg-1 d-1.  In other systems, ambient total PAH concentrations above 10 
ppm of total PAH correlated with higher PAH mineralization rates as determined with the methods used 
in this study (Pohlman et al. 2002, Montgomery et al. 1999, 2002b, Langworthy et al. 1998, Boyd et al. 
1999) and those used by other researchers (Geiselbrecht et al. 1998, Carman et al. 1995, 1996, Griffiths et 
al. 1981).  Exposure to PAH concentration above the threshold level (which may be species specific) 
would support natural selection of a PAH-degrading assemblage leading to elevated mineralization rates 
(Ghiorse et al. 1995).  
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One explanation for the rapid PAH turnover despite the low ambient PAH concentration could be 
high flux of PAH from the water column to the sediments within the bioturbation zone.  If particles with 
PAH concentrations above 10 ppm were transported into the benthos, they would locally increase the 
PAH concentration and elevate the selective pressure for PAH degrading bacteria.  High ambient PAH 
levels might not be measured because of rapid turnover time, but affects of such a PAH flux could be 
reflected in the composition of the natural bacterial assemblage. Transport of PAHs from particles 
suspended in the overlying bottom waters into the sediment may involve gravitational settling or activities 
of the macrobiota themselves.  Most research involving the effect of macrofauna on PAH transport has 
involved their role in resuspended PAH-bound contaminants from the sediments into the water column 
(Reible and Mohanty 2002, Reible et al. 1996, Ciarelli et al. 1999).  However, others have found that 
certain types of macrofauna trap organic matter and associated PAHs that are suspended in the water 
column and move them deeper into the sediment (Aller 1988; Holmer et al. 1997).  Amphipods transfer 
PAH-coated particles from the water column to the subsurface through ingestion, encapsulation within a 
peritrophic membrane and defecation in the subsurface burrows (Lotufo and Landrum 2002).  Sediment 
reworking can also homogenize organic matter concentrations in the bioturbated zone with small 
meiofauna like capitellids having this effect in the top 10 to 20 mm (Holmer et al. 1997, Madsen et al. 
1997) and larger oligochaetes extending down to 10 cm (Cunningham et al. 1999).  Reworking of 
sediments by benthic organisms and the resultant changes in PAH metabolism by bacteria can complicate 
interpretation of sedimentation and biodegradation rates based on analytical chemistry of the core 
sections. 

 
In addition, there may be some support of PAH-metabolizing communities by the presence of lignin, 

which was found in abundance in both cores.  Lignin is a polyphenolic molecule having multiple aromatic 
rings.  Therefore, this molecule is structurally similar to PAHs and the enzyme systems used by aquatic 
microbial communities to metabolize PAHs may cometabolize lignin. Thus, the high rates of PAH 
turnover that indicate a fast metabolism may be a result of microbial communities subsisting on available 
terriginous organic matter, rich in lignin, which is likely supplied with sedimentation in the San Diego 
Bay watershed.  Because we are unable to measure lignin turnover in these cores (due to lack of suitable 
radiolabeled substrate) we may only speculate on this possibility.  Nevertheless, several studies have 
shown a connection between PAH and lignin degradation in laboratory studies (Hammel et al. 1986, 
Cavalieri and Rogan 1985). 

 
In a related study, PAH and organic matter deposition to the two study stations was measured using 

sediment trap collections of particles over two weeks subsequent to this study (Apitz et al. 2002).  PAH 
concentrations on the particles collected in these traps were over 40 ppm versus that in the underlying 
sediment, which was around 1 to 3 ppm (Apitz et al. 2002).  In the short term, material in the sediment 
trap should be similar compositionally to that in the surface sediment unless transported laterally, 
abiotically changed (e.g., diffusion, resuspension), biodegraded in the bottom boundary layer, or 
subducted into the sediments and buried or biodegraded.  Long term processes involving lateral transport 
and resuspension are not likely at this site given the low flow and reduced surface water input into this 
area in San Diego Bay, but they cannot be ruled out.  The importance of abiotic diffusion relative to PAH 
mineralization was measured in this project and will be reported elsewhere (Apitz et al. 2002).  Sediment 
trap material could be trapped in the bottom boundary layer and periodically resuspended from storm 
events or ship traffic and eventually biodegraded to reduce the PAH concentration from 40 to 1 to 3 ppm 
before being buried. 

 
It is possible that water column organic matter and associated PAHs deposit at or near the sediment 

water interface and are then subducted into the bioturbation zone where they are metabolized by PAH-
degrading bacteria in the macrofaunal and meiofaunal burrows.  There are several lines of evidence 
collected in this and related studies to support this hypothesis including: 
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1) rapid PAH turnover times despite low ambient PAH concentration; 
2) higher naphthalene, phenanthrene, and fluoranthene mineralization rates in the upper 

sediments than in the lower sediments; 
3) depth of elevated mineralization rates consistent with bioturbation depth estimates from 

REMOTS analyses (Apitz et al. 2002) of surface sediments from both stations; 
4) depth of elevated mineralization rates consistent with bioturbation depth estimates from 

microprobe and ambient nutrient analyses of replicate cores from both stations (Montgomery 
et al. 2002a); 

5) calculation of PAH deposition rates based on sediment trap data and PAH mineralization 
rates from the core indicate that the difference in PAH concentration can be accounted for by 
the bioturbation depths measured for station P04.  

Organic geochemical analysis helps to put in perspective the contribution of terriginous OM to 
microbial production.  First, ratios of C/N, which indicate OM source, suggest strong input of terriginous 
OM to Paleta Creek because C/N ratios were, on average, greater at P17 (16.8) than at P04 (9.2).  
Redfield et al. (1963) reported a C/N ratio of ca. 7 for marine algae, whereas Ruttenberg and Goni (1997) 
reported typical terriginous C/N ratios of ≥20 for a number of marine sediments.  The mixing of these two 
end members would produce ranges we observed, yet the higher C/N ratio at P17 suggests more 
terriginous input than at P04.  Deshmukh et al. (2001) have also determined a strong terriginous input to 
Paleta Creek, from their analysis of the aromatic (phenolic) ring signature measured by 13C-NMR and 
presence of lignin-derived phenols measured by pyrolysis-gas chromatography/mass spectrometry.  
Though they did not measure lignin, they suggest that most lignin at Paleta Creek was guaiacyl lignin, 
which is primarily derived from gymnosperms.  Given the strong terriginous OM presence in these 
sediments, we may then hypothesize that active microbial degradation of lignin is occurring.  The 
increased ratio of acid to aldehyde for the vanillin family of lignin phenols ([Ad/Al]v) reflects an 
increased degradative state.  [Ad/Al]v ratios increased at P04, which mirrored the lignin concentration 
decrease at the same depths (2 to 6 cm). 

 
The striking comparison between P17 and P04 is that the depth of bioturbation (and thus 

oxygenation) of P04 appears to influence the lignin quality and quantity.  A hypothesis is that the 
increased oxygen made available by sediment reworking by macrofauna facilitates lignin degradation by 
microorganisms.  Though bacterial production decreases (Fig. 5), the ratio of bacteria production to lignin 
concentration shown demonstrates that bacterial production is still high even when lignin concentration is 
decreasing (Fig. 15).  Given that PAH concentrations were well below that which we have measured in 
other field sites where microbial metabolism is high, an explanation for this phenomenon could be that 
lignin is supporting microbial metabolism. 

 
In summary, elevated bacterial mineralization of the PAHs, naphthalene, phenanthrene, and 

fluoranthene were associated with areas of the sediment that appear to be more bioturbated based on 
analyses using REMOTS (Apitz et al. 2002) and microprobe profiles (Montgomery et al. 2002a).  PAH 
deposition rates determined using sediment trap analyses (Apitz et al. 2002) are consistent with PAH 
biodegradation rates measured for the top 1 cm at station P04 that was more bioturbated and was 
consistent with that measured for the top 12 cm in the less bioturbated station, P17.  It should be 
cautioned that though the relationships between bacterial activity and parameters measured on replicate 
cores appear interpretable, they are not absolute.  Because this research involves field work on collected 
submerged sediment samples, the sampling locations are collected shipboard and so they are approximate.  
The REMOTS camera analyses demonstrated an extremely high heterogeneity in bioturbation depth over 
the scale of meters and even within one image (Apitz et al. 2002).  Replicate cores used in a preliminary 
site survey were widely variable in the parameters measured in the microprobe analyses (Montgomery et 
al. 2002a).  Though we have some preliminary indication that terriginous organic matter in the form of 
lignin may support the high rates of production and PAH metabolism we have measured, we caution that 
more research is needed to fully document the relationship between lignin, PAH, and microbial activity in 



14 Montgomery and Osburn 

marine sediments.  In addition, essentially one time point was evaluated and is being extrapolated to 
annual PAH transport and degradation.  Extrapolation of these measurements to longer time frames and 
across larger sediment study sites will likely reduce their relevance to describing in situ conditions, but 
this is a limitation of all necessary field work.  Confidence in our understanding of PAH transport and 
biodegradation in marine sediments will come with iteration of these field measurements seasonally and 
over different ecosystems (Madsen 1998). 

 
 

ACKNOWLEDGMENTS 
 

This work was supported by the Strategic Environmental Research and Development Program (CU-
1209) for “Pathway interdiction: a system for evaluating and ranking sediment contaminant pathways in 
support of in-place management” to S. Apitz and B. Chadwick and the Office of Naval Research 
(awarded to MTM and CLO) Contract # 0001499WX20525.  The authors thank B. Chadwick, E. Arias, 
and J. Groves for assistance in sampling and J. Germano for technical assistance and discussions.  The 
authors thank A. DeLozier for formatting this manuscript. 

 
 

REFERENCES 
 

Aller, R.C., 1988. “Benthic Fauna and Biogeochemical Processes in Marine Sediments: The Role of 
Burrow Structures,” in T.H. Blackburn and J. Sorensen (eds.), Nitrogen Cycling in Coastal Marine 
Environments (John Wiley and Sons, Chichester, England) pp. 301–338. 
 
Apitz, S.E., D.B. Chadwick, J. Germano, J.M. Gieskes, V.J. Kirtay, G. Maa, M.T. Montgomery, R. 
Paulsen, C. Smith, and W. Zeibis, 2002.  Pathway Ranking for In Situ Sediment Management (PRISM). 
Proceedings of the 23rd Annual Meeting of the Society of Environmental Toxicology and Chemistry, Salt 
Lake City, Utah, November 16-20. 
 
Bauer, J.E., R.P. Kerr, M.F. Bautista, C.J. Decker, and D.G. Capone, 1988. “Stimulation of Microbial 
Activities and Polycyclic Aromatic Hydrocarbon Degradation in Marine Sediments Inhabited by 
Capitella Capitata,” Mar. Environ. Res. 25, 63-84. 
 
Bedessem, M.E., N.G. Swoboda-Colberg, and P.J.S. Colberg, 1997. “Naphthalene Mineralization 
Coupled to Sulfate Reduction in Aquifer-Derived Enrichments,” FEMS Microbiol. Let. 152(2), 213-218. 
 
Bennett, A., T.S. Bianchi, J.C. Means, and K.R. Carman, 1999. “The Effects of PAH Contamination and 
Grazing on the Abundance and Composition of Microphytobenthos in Salt Marsh Sediments,” J. Exp. 
Mar. Biol. Ecol. 242, 1-20. 
 
Bonin, P., E.R. Ranaivoson, N. Raymond, A. Chalamet, and J.C. Bertrand, 1994. “Evidence for 
Denitrification in Marine Sediment Highly Contaminated by Petroleum Products,” Mar. Poll. Bull. 28, 
89-95. 
 
Boyd, T.J., B.J. Spargo, and M.T. Montgomery, 1996. “Improved Method for Measuring Biodegradation 
Rates of Hydrocarbons in Natural Water Samples,” in B. J. Spargo (ed.), In Situ Bioremediation and 
Efficacy Monitoring, NRL/PU/6115--96-317, Naval Research Laboratory, Washington, DC, pp. 113-121. 
 
Boyd, T.J., M.T. Montgomery, B.J. Spargo, R.B. Coffin, J.K. Steele, J.P. Pohlman, and D. Velinsky,  
1999. “Characterization of Intrinsic Bioremediation within the Philadelphia Naval Complex Reserve 
Basin,” NRL Technical Report, NRL/PU/6115--99-374, Naval Research Laboratory, Washington, DC.  
 



Depth Profile of Bacterial Metabolism  15 

 

Burdige, D.J., and C.S. Martens,  1990. “Biogeochemical Cycling in an Organic-rich Marine Basin – 11.  
The Sedimentary Cycling of Dissolved Free Amino Acids,” Geochim. Cosmochim. Acta. 54, 3033-3052. 
 
Button, D.K., 1985.  “Kinetics of Nutrient-limited Transport and Microbial Growth,” Microbiol. Rev. 49, 
270–297.  
 
Carman, K.R., T.S. Bianchi, and F. Kloep, 2000a. “The Influence of Grazing and Nitrogen on Benthic 
Algal Blooms in Diesel-Contaminated Salt Marsh Sediments,” Environ. Sci. Technol. 34, 107-111. 
 
Carman, K.R., J.W. Fleeger, J.C. Means, S.M. Pomarico, and D.J. McMillan, 1995. “Experimental 
Investigation of the Effects of Polynuclear Aromatic Hydrocarbons on an Estuarine Sediment Food Web,” 
Mar. Environ. Res. 40, 289-318. 
 
Carman, K.R., J.W. Fleeger, and S.M. Pomarico, 1997. “Response of a Benthic Food Web to 
Hydrocarbon Contamination,” Limnol. Oceanogr. 42, 561-571. 
 
Carman, K.R., J.W. Fleeger, and S.C. Pomarico,  2000b. “Does Historical Exposure to Hydrocarbon 
Contamination Alter the Response of Benthic Communities to Diesel Contamination?”  Mar. Environ. 
Res. 49, 244-278. 
 
Carman, K.R., J.C. Means, and S.C. Pomarico, 1996. “Response of Sedimentary Bacteria in a Louisiana 
Salt Marsh to Contamination by Diesel Fuel,” Aquat. Microbiol. Ecol. 10, 231-241. 
 
Carman, K.R., and M.A. Todaro, 1996. “Influence of Polycyclic Aromatic Hydrocarbons on the 
Meiobenthic-copepod Community of a Louisiana Salt Marsh,” J. Exp. Mar. Biol. Ecol. 198, 37-54. 
 
Cavalieri, E., and E. Rogan,  1985. “Role of Radical Cations in Aromatic Hydrocarbon Carcinogenesis,”  
Environ. Health Perspect. 64, 69-84. 
 
Cerniglia, C.E., 1992. “Biodegradation of Polycyclic Aromatic Hydrocarbons,” Biodegradation 3, 351-
368. 
 
Chung, W.K., and G.M. King, 1999. “Biogeochemical Transformations and Potential Polyaromatic 
Hydrocarbon Degradation in Macrofaunal Burrow Sediments,” Aquat. Microb. Ecol. 19, 285–295. 
 
Chung, W.K., and G.M. King, 2001. “Isolation, Characterization, and Polyaromatic Hydrocarbon 
Degradation Potential of Aerobic Bacteria from Marine Macrofaunal Burrow Sediments and Description 
of Lutibacterium Anuloederans Gen. Nov., Sp. Nov., and Cycloclasticus Spirillensus Sp. Nov.,” Appl. 
Environ. Microbiol. 67(12), 5585-5592. 
 
Ciarelli, S., N.M. van Straalen, V.A. Klap, and A.P. van Wezel, 1999. “Effects of Sediment Bioturbation 
by the Estuarine Amphipod Corophium Volutator on Fluoranthene Resuspension and Transfer into the 
Mussel (Mytilus Edulis),” Environ. Toxicol. Chem. 18(2), 318-328. 
 
Coates, J.D., D.J. Ellis, E.L. Blunt-Harris, C.V. Gaw, E.E. Roden, and D.R. Lovley, 1998.  “Recovery of 
Humic-reducing Bacteria from a Diversity of Environments,” Appl. Environ. Microbiol. 64, 1504-1509. 
 
Cunningham, P.B., D.D. Reible, J.F. Fleeger, K.T. Valsaraj, and L.J. Thibodeaux, 1999. “Assessment of 
the Effects of Bioturbation in Contaminated Sediments,” Proceedings of the 1999 Conference on 
Hazardous Waste Research, pp. 276-285. 
 



16 Montgomery and Osburn 

Deni, J., and M.J. Penninckx, 1999. “Nitrification and Autotrophic Nitrifying Bacteria in a Hydrocarbon-
Polluted Soil,” AEM 65(9), 4008-4013. 
 
Deshmukh, A.P., B. Chefetz, and P.G. Hatcher, 2001. “Characterization of Organic Matter in Pristine and 
Contaminated Coastal Marine Sediments Using Solid-State 13C NMR, Pyrolytic and Thermochemolytic 
Methods: A Case Study in the San Diego Harbor Area,” Chemosphere 45(6-7), 1007-1022. 
 
Fisher, J.A., M.J. Scarlett, and A.D. Stott, 1997. “Accelerated Solvent Extraction: An Evaluation for 
Screening of Soils for Selected U.S. EPA Semivolatile Organic Priority Pollutants,” Environ. Sci. 
Technol. 31, 1120-1127. 
 
Forbes, V.E., T.L. Forbes, and M. Holmer, 1996. “Inducible Metabolism of Fluoranthene by the 
Opportunistic Polychaete, Capitella sp 1,” Mar. Ecol. Prog. Ser. 132, 63-70. 
 
Foss, H.E., and V.E. Forbes, 1997. “Effects of the Polycyclic Aromatic Hydrocarbon Fluoranthene on 
Growth Rate and Nucleic Acid Composition of Capitella sp 1,” Mar. Biol. 129, 489-497. 
 
Geiselbrecht, A.D., B.P. Hedlund, M.A. Tichi, and J.T. Staley, 1998. “Isolation of Marine Polycyclic 
Aromatic Hydrocarbon (PAH)-degrading Cycloclasticus Strains from the Gulf of Mexico and 
Comparison of their PAH Degradation Ability with that of Puget Sound Cycloclasticus Strains,” Appl. 
Environ. Microbiol.  64(12), 4703-4710. 
 
Gilewicz, M., G. Monpert, M. Acquaviva, G. Mille, and J.-C. Betrand, 1991. “Anaerobic Oxidation of 1-
n-heptradecene by a Marine Denitrifying Bacterium,” Appl. Microbiol. Biotechnol. 36, 252-256. 
 
Ghiorse, W.C., J.B. Herrick, R.L. Sandoli, and E.L. Madsen, 1995.  “Natural Selection of PAH-degrading 
Bacterial Guilds at Coal-tar Disposal Sites,” Environ. Health Perspect.  103(5), 103-111. 
 
Goni, M.A., and S. Montgomery, 2000. “Alkaline CuO Oxidation with a Microwave Digestion System: 
Lignin Analyses of Geochemical Samples,” Anal. Chem. 72, 3116-3121. 
 
Griffiths, R.P., T.M. McNamara, B.A. Caldwell, and R.Y. Morita, 1981.  “Field Observations on the 
Acute Effect of Crude Oil on Glucose and Glutamate Uptake in Samples Collected from Arctic and 
Subarctic Waters,” Appl. Environ. Microbiol. 41, 1400–1406. 
 
Hall, S.J., 1994.  “Physical Disturbance and Marine Benthic Communities: Life in Unconsolidated 
Sediments,” Oceanography and Marine Biology: an Annual Review 32, 179-239. 
 
Hammel, K.E., B. Kalyanaraman, and T.K. Kirk, 1986.  “Oxidation of Polycyclic Aromatic 
Hydrocarbons and Dibenzo[p]-dioxins by Phanerochaete Chrysosporium Ligninase,”  J. Biol. Chem. 
261(36):  16948-16952. 
 
Hayes, L.A., and D.R. Lovley, 2002.  “Specific 16S rDNA Sequences Associated with Naphthalene 
Degradation under Sulfate-Reducing Conditions in Harbor Sediments,” Microb. Ecol. 43, 134-45. 
 
Holmer, M., V.E.  Forbes, and T.L. Forbes, 1997. “Impact of the Polychaete Capitella sp. 1 on Microbial 
Activity in an Organic-Rich Marine Sediment Contaminated with the Polycyclic Aromatic Hydrocarbon 
Fluoranthene,” Mar. Biol. 128, 679-688. 
 
Kirchman, D.L., 1993. “Leucine Incorporation as a Measure of Biomass Production by Heterotrophic 
Bacteria,” in: Handbook of Methods in Aquatic Microbial Ecology, P.F. Kemp, B.F. Sherr, E.B. Sherr,  
and J.J. Cole, eds. (Lewis Publishers, Ann Arbor) pp. 509-512. 



Depth Profile of Bacterial Metabolism  17 

 

Kirchman, D.L., E. K’Nees, and R. Hodson,  1985.  “Leucine Incorporation and its Potential as a Measure 
of Protein Synthesis by Bacteria in Natural Aquatic Systems,” Appl. Environ. Microbiol. 49, 599-607. 
 
Koerting-Walker, C., and J.D. Buck, 1989.  “The Effect of Bacteria and Bioturbation by Clymenella 
Torquata on Oil Removal From Sediment,” Water Air Soil Poll. 43, 413-424. 
 
Langworthy, D.E., R.D. Stapleton, G.S. Sayler, and R.H. Findlay, 1998.  “Genotypic and Phenotypic 
Responses of a Riverine Microbial Community to Polycyclic Aromatic Hydrocarbon Contamination,” 
Appl. Environ. Microbiol.  64(9), 3422-3428. 
 
Lantz, S.E., M.T. Montgomery, W.W. Schultz, P.H. Pritchard, B.J. Spargo, and J.G. Mueller, 1997.  
“Constituents of Organic Wood Preservatives that Inhibit the Fluoranthene Degrading Activity of 
Bacterial Strain Sphingomonas Paucimobilis Strain EPA505,” Environ. Sci. Technol. 31, 3573-3580. 
 
Leahy, J.G., and R.H. Olsen, 1997. “Kinetics of Toluene Degradation by Toluene-oxidizing Bacteria as a 
Function of Oxygen Concentration, and the Effect of Nitrate,” FEMS Microbiol. Ecol. 23, 23-30. 
 
Lotufo, G.R., and P.F. Landrum, 2002.  “The Influence of Sediment and Feeding on the Elimination of 
Polycyclic Aromatic Hydrocarbons in the Freshwater Amphipod Diporeia spp.,” Aquat. Toxicol. 58(3-4), 
137-49. 
 
Madsen, E.L., 1998.  “Epistemology of Environmental Microbiology,” Environ. Sci. Technol.  32(4), 429-
438. 
 
Madsen, S.D., T.L. Forbes, and V.E. Forbes, 1997. “Particle Mixing by the Polychaete Capitella Species 
1: Coupling Fate and Effect of a Particle-Bound Organic Contaminant (Fluoranthene) in a Marine 
Sediment,” Mar. Ecol. Prog. Ser. 147, 129-142. 
 
Montgomery, M.T., C.L. Osburn, D.B. Chadwick, J. Germano, C. Mahn, W. Zeibis, and J.M. Gieskes,  
2002a. “Depth Profile of Bacterial Metabolism and PAH Biodegradation in Bioturbated and 
Unbioturbated Marine Sediments.” Proceedings of the 23rd Annual Meeting of the Society of 
Environmental Toxicology and Chemistry, Salt Lake City, UT, November 16-20. 
 
Montgomery, M.T., D.C. Smith, C.L. Osburn, and T.J. Boyd, 2002b.  “Bacterial Degradation of Aromatic 
Hydrocarbons in Surface Sediments of Temperate and Tropical Coastal Ecosystems,” Eos, Trans. Amer. 
Geophys. Union. 83(4), OS21O-06.  
 
Montgomery, M.T., T.J. Boyd, B.J. Spargo, R.B. Coffin, J.K. Steele, D.M. Ward, and D.C. Smith, 1999.  
“Bacterial Assemblage Adaptation in PAH-impacted Ecosystems,” in In Situ and On-Site Bioremediation,  
Vol. 5, B.C. Alleman and A. Leeson, eds. (Battelle Press, Columbus, OH)  pp. 223-228.  
 
Pelegri, S.P., and T.H. Blackburn, 1994. “Bioturbation Effects of the Amphipod Corophium Volutator on 
Microbial Nitrogen Transformations in Marine Sediments,” Mar. Biol. 121, 253-258. 
 
Peterson, S.P., 1991.  “Degradation of Low Toxicity Drilling Mud Base Oil in Sediment Cores,” Mar. 
Poll. Bull. 22(9), 452-455. 
 
Pohlman, J.W., R.B. Coffin, C.S. Mitchell, M.T. Montgomery, B.J. Spargo, J.K. Steele, and T.J. Boyd,  
2002.  “Transport, Deposition, and Biodegradation of Particle Bound Polycyclic Aromatic Hydrocarbons 
in a Tidal Basin of an Industrial Watershed,” Environ. Monitor. Assess. 75, 155-167. 
 



18 Montgomery and Osburn 

Rasmussen, H., and B.B. Jorgensen, 1992. “Microelectrode Studies of Seasonal Oxygen Uptake in a 
Coastal Sediment: Role of Molecular Diffusion,” Mar. Ecol. Prog. Ser. 81, 289-303. 
 
Redfield, A.C., B.H. Ketchum, and R.A. Richards, 1963. “The Influence of Organisms on the 
Composition of Seawater,” in M.N. Hill, ed., The Sea, Vol. 2, (Wiley, New York) pp. 26-77. 

Reible, D., and S. Mohanty, 2002.  “Levy Flight-Random Walk Model for Bioturbation,” Environ. Tox. 
Chem.  21(4), 875-881.   
 
Reible, D.D., V. Popov, K.T. Valsaraj, L.J. Thibodeaux, F. Lin, M. Dikshit, M.A. Todaro, and J.W. 
Fleeger, 1996. “Contaminant Fluxes from Sediment due to Tubificid Oligochaete Bioturbation,” Wat. 
Res. 30, 704-714. 
 
Reid, B.J., K.C. Jones, and K.T. Semple,  2000.  “Bioavailability of Persistent Organic Pollutants in Soils 
and Sediments – A Perspective on Mechanisms, Consequences, and Assessment,” Environ. Poll.  
108,103-112. 
 
Roch, F., and M. Alexander, 1997.  “Inability of Bacteria to Degrade Low Concentrations of Toluene in 
Water,” Environ. Toxicol. Chem. 16(7), 1377-1383. 
 
Ruttenberg, K.C., and M.A. Goni,  1997.  “Phosphorus Distribution, C:N:P Ratios, and Delta C-13(Oc) in 
Arctic, Temperate, and Tropical Coastal Sediments: Tools for Characterizing Bulk Sedimentary Organic 
Matter,”  Mar. Geol. 139(1-4), 123-145. 

Schwartz, E., and K.M. Scow, 2001.  “Repeated Inoculation as a Strategy for the Remediation of Low 
Concentrations of Phenanthrene in Soil,” Biodegradation 12, 201–207. 
 
Shuttleworth, K.L., and C.E. Cerniglia, 1995.  “Environmental Aspects of PAH Degradation,” Appl. 
Biochem. Biotechnol. 54(1-3), 291-302. 
 
Simon, M., and F. Azam, 1989.  “Protein Content and Protein Synthesis Rates of Planktonic Marine 
Bacteria,” Mar. Ecol. Prog. Ser. 51, 201-213. 
 
Smith, D.C., and F. Azam, 1992. “A Simple, Economical Method for Measuring Bacterial Protein 
Synthesis Rates in Seawater Using 3H-Leucine,” Mar. Microb. Food Webs 6(2), 107-114. 
 
Soltwedel, T., and K. Vopel, 2001.  “Bacterial Abundance and Biomass in Response to Organism-
Generated Habitat Heterogeneity in Deep-Sea Sediments,” Mar. Ecol. Prog. Ser. 219, 291-298. 
 
Tuominen, L., 1995.  “Comparison of Leucine Uptake Methods and a Thymidine Incorporation Method 
For Measuring Bacterial Activity In Sediment.  J. Microbiol. Methods, 24, 125-134. 
 
Zhang, X., and L.Y. Young, 1997.  “Carboxylation as an Initial Reaction in the Anaerobic Metabolism of 
Naphthalene and Phenanthrene by Sulfidogenic Consortia,” Appl. Environ. Microbiol.  63, 4759-4764. 
 
 


